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ABSTRACT Recent experimental studies of the role of microtubule sliding in neurite outgrowth 
suggested a qualitative model, according to which kinesin-1 motors push the minus-end-out microtubules 
against the cell membrane and generate the early cell processes. At the later stage, dynein takes over the 
sliding, expels the minus-end-out microtubules from the neurites and pulls in the plus-end-out 
microtubules that continue to elongate the nascent axon. This model leaves unanswered a number of 
questions: Why cannot dynein generate the processes alone, while kinesin-1 can? What is the role of 
microtubule dynamics in process initiation and growth? Can the model correctly predict the rates of 
process growth in control and dynein-inhibited cases? What triggers the transition from kinesin-driven to 
dynein-driven sliding? To answer these questions, we combine computational modeling of a network of 
elastic dynamic microtubules and kinesin-1 and dynein motors with measurements of the process growth 
kinetics and pharmacological perturbations in Drosophila S2 cells. The results verify quantitatively the 
qualitative model of the microtubule polarity sorting and suggest that dynein-powered elongation is 
effective only when the processes are longer than a threshold length, which explains why kinesin-1 
alone, but not dynein, is sufficient for the process growth. Furthermore, we show that the mechanism of 
process elongation depends critically on microtubule dynamic instability. Both modeling and 
experimental measurements show, surprisingly, that dynein inhibition accelerates the process extension. 
We discuss implication of the model for the general problems of cell polarization, cytoskeletal polarity 
emergence and cell process protrusion. 
Introduction 
One of the main questions in cell biology is how cytoskeleton dynamics causes cell polarization (1). 
For example, cellular polarization is vital for proper maturation and function of neurons (2). The 
polarization of neurons starts without directional external cues in a stochastic manner, when several 
finger like projections emerge from the body of the cell. Of these processes, called neurites, only one 
turns into a long axon; others become short dendrites (3). 
This polarization process involves a complex crosstalk between several length-dependent feedbacks, 
molecular pathways and transport phenomena (4, 5), but here we focus on the role of cytoskeletal 
mechanics identified to be of critical importance for neuronal polarization (6). Current data suggests 
that actin polymerization is important for the neurite’s initiation and elongation (7, 8), while 
intermediate filaments are critical for their maturation (9). However, several studies have 
demonstrated that it is the third major cytoskeletal component, microtubules (MTs), which determine 
the initial neuronal polarization. For example, neurite formation and outgrowth correlate with the 
formation of MT bundles at the core of axons and dendrites (10, 11). In this study, we restrict our 
attention to mechanics of MTs and MT-associated molecular motors driving the growth of the cell 
processes. 
In mature neurons, the MT organization is different between axons and dendrites: majority of the MTs 
in axons have their plus ends facing out from the cell body towards the growth cone (10), while the 
MTs have their minus ends facing out in dendrites of neurons in Drosophila and C. Elegans (12). On 
the contrary, dendrites in mammalian neurons have mixed MT polarity (13, 14). Thus, in addition to 
the whole-cell polarization problem, there is the problem of the cytoskeletal polarization: what are the 
molecular mechanisms underlying the MT polarity sorting and does this polarity sorting play a role in 
the whole-cell polarization? The MT polarity sorting problem is not restricted to the neuronal cell 
(15): for example, such sorting is crucial for assembly of meiotic spindles (16). 
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Theoretical predictions and in vitro observations pointed out that the MT polarity sorting is generated 
by the sliding of the MTs by molecular motors of the kinesin and dynein families (17–19). A number 
of studies showed that MT sliding by kinesins and cytoplasmic dynein contributes crucially to mitotic 
spindle maintenance (20, 21) and muscle cell development (22). Motor-generated MT sliding was also 
demonstrated to be important in the MT polarity organization in long axons (23), and to drive the MT 
polarity sorting in neurites (24). 
In this study, we focus on the actions of cytoplasmic dynein and kinesin-1. Dynein complex binds to 
cortical F-actin and slides MTs, which is crucial for the MT organization in axons (25, 26), in 
particular for the axon initiation (27) and for MT transport (28). Kinesin-1, previously thought to be 
deployed only in organelle transport, was recently shown to bind one MT with its cargo domain and 
to slide another MT relative to the first one (29, 30). This kinesin-1-powered sliding leads to an 
extension of MT arrays that appears to press against the expanding distal tip of nascent neurites and to 
generate a force for the initial axonal extension (29, 30). 
Neurons contain both stable and dynamic MTs (14, 31). Inhibition of the MT dynamics does not 
abolish the neurite extension in Drosophila neurons (29), but slows it down, and so the MT dynamics, 
in addition to the motor action, is likely to play a role in the axon initiation and maintenance. 
However, the respective mechanisms are currently not known (32). 
Our recent experimental work on formation and extension of the cell processes in Drosophila 
neuronal and S2 cells demonstrated that: 
1. In Drosophila S2 cells, inhibition of centripetal actomyosin flow results in formation of multiple 
radial processes filled with MTs (33). 
2. At the initial stage, MTs have mixed polarity with minus-ends being pushed out against the plasma 
membrane. Growing neurites and processes of S2 cells contain comets of MT plus-end binding 
protein EB1 moving in both anterograde and retrograde directions (34). 
3. The fraction of retrograde EB1 comets starts to decline after the initial stage. At the next stage, the 
growing processes are mostly filled with plus-end-out MTs (34). 
4. At this later stage, the MT minus-ends are scattered throughout the length of the processes. 
However, inactivation of dynein results in a dramatic accumulation of the minus-ends at the 
processes’ tips (34). 
5. Cytoplasmic dynein has to be anchored at the cell cortex or on the membrane for the MT polarity to 
change at the later stage (34). Dynein is dispensable for the process outgrowth (29, 33, 34). 
6. Kinesin-1 slides apart antiparallel M  pairs and bundles and is essential for the process outgrowth 
(29, 33, 34). 
These observations led us to the following qualitative model (11, 34): In the early stages of neuronal 
process outgrowth, kinesin-1-generated MT sliding drives initial process extensions, with the MT 
minus-ends pushing out the plasma membrane at the tips. Later, cytoplasmic dynein associates with 
the actin cortex in longer processes and expels the minus-end-out MTs into the cell body establishing 
the uniform (plus-ends-out) orientation of the MTs. 
A few questions have to be answered to verify this model. Why is dynein unable to generate processes 
alone, without kinesin-1 action? What is the role of the MT dynamics during initial process outgrowth 
and subsequent maturation? Can the model correctly predict the rates of process outgrowth? Why 
dynein starts working only later? What triggers the transition from the kinesin-driven to the dynein-
driven sliding? 
Computational modeling of dynamic MT-motor networks complemented by comparison with 
experimental data has a long history of being able to answer such questions (35–38). In this study, we 
develop a computational model of a network of elastic dynamic MTs and kinesin-1 and dynein motors 
in a symmetric cell with flexible membrane. The model parameters were estimated from published 
data. The simulations based off these estimations correctly reproduced the dynamic MT polarity in the 
growing processes. This model makes novel predictions about the rates of process growth in control 
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and in dynein-inhibited and/or MT-dynamics-inhibited Drosophila S2 cells. We find that the MT 
dynamics enhances the process elongation, but counter-intuitively, dynein inhibition accelerates the 
process extension. We verify these predictions and test the model by measuring the rates under these 
conditions. Our results support the qualitative model of the process extension, explain the role of the 
MT dynamics in the process elongation and sheds light on the mechanism of the switch from kinesin- 
to dynein-dominated protrusion. 
Materials and Methods 
Computational model 
MTs: Based on experimental images (33, 34), we consider the cell body as a two-dimensional disk 
(Fig. 1 A), with a finite number of MTs that are treated as semi-flexible elastic rods. Specifically, 
following established previous models ((39–43); see also Fig. S3, S4 in the Supporting Material 
(SM)), we simulate each MT as an end-to-end chain of segments connected by elastic angular springs 
at the nodes. Angular spring stiffness is calibrated so that MT persistence length agrees with that 
measured in vitro. The segments themselves are very stiff elastic springs with a finite rest length, to 
account for the fact that the MT lattice is almost incompressible and inextensible. Besides the elastic 
forces that arise from MT deformations, we consider the following forces applied to the MTs 
(respective math is explained in the SM): 1) Movement of MT in the lab coordinate system generates 
an effective viscous drag force per unit MT length. We approximate this drag with low Reynolds 
number hydrodynamic formula for movement of cylindrical MT segments through the 
cytoskeletal/cytosolic gel with viscosity on the order of 310 -fold that of water (44). 2) Thermal forces 
generate Brownian movements of the MT nodes. 3) There is an effective steric repulsion force 
preventing the MTs from penetrating the cell boundary. 4) Dynein and kinesin-1 motors apply forces 
to the MTs as described below. The sum of all these forces balances to zero. 
MT dynamics: MT minus ends in the model are not dynamic. In the numerical experiments with 
inhibited MT dynamics, plus ends are not dynamic either; otherwise, the plus ends undergo a dynamic 
instability process with given rates of growth, shortening, catastrophe and rescue. Specifically, the 
growth and shortening are implemented by adding and deleting the MT segments, respectively, with 
constant rates. A switch from the shortening to growth takes place with a constant rescue rate. 
However, if a MT shortens to a single segment, this segment switches to growth instantly and is 
randomly relocated within the cell and rotated. This ensures conservation of the total MT number. 
Experimental observations showed that short MTs sometimes undergo rotations (45); in the 
simulations, MTs shorter than 1µm  change their orientation randomly in the cell body and flip their 
orientation in the process at a slow rate. 
A MT switches from growth to shortening with a constant catastrophe rate as far as its plus end is not 
pressing against the cell boundary. Otherwise, the component of the force F on the MT plus end 
parallel to the MT tip increases the catastrophe rate by an exponential factor ( )exp / haltF F  where 
haltF  is a parameter. For computational convenience, we introduce short pauses between the periods 
of growth and shortening. The pause duration is much shorter than that of the growth and shortening 
periods; numerical tests showed that these brief pauses do not affect the model behavior. According to 
our observations, the EB1 comet signal associated with the growing plus ends is lost right after the 
growing ends run into the cell boundary. Accordingly, we stop the MT elongation when the plus end 
runs into the cell boundary. At that moment, the plus end becomes static, and the next event is the 
catastrophe with the rate described above. Thus, in the model, only motor forces ultimately push on 
the cell boundary, not the MT polymerization force. 
Kinesin: In the model, a kinesin-1 motor attach to a point of intersection between two MTs and exert 
a force there (Fig. 1 C). The cargo domain of the motor attaches to one of the MTs, chosen at random 
between the two, while the motor domain pulls another MT in the tangential direction. The MT is 
pulled in the direction of its minus end (Fig. 1 C). The force magnitude is determined by the linear 
force-velocity relation, as explained in the SM. As the motor domain applies the force to one of the 
MTs, the opposite force is applied to another MT to which the cargo domain is bound. 
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Computationally, we distribute these two opposing forces to four MT nodes (two nodes for each MT 
of the pair), which are the ends of two intersecting MT domains (Fig. 1 C). Note, that implicitly this 
assumes that there the force does not depend on the angle between two intersecting MTs. The 
situation can become more complex when two MTs are parallel and close together because in that 
case multiple motors can associate with such MT pair, effectively sliding apart the antiparallel MTs 
and locking together parallel MTs (11). In our simulations, this problem is circumvented because in 
the model the MTs are never exactly parallel, even in the cell processes and because the effective 
number of acting motors is relatively small. In the model, there is a conserved constant number of 
acting kinesin-1 motors with the following kinetics. The motors unbind (both cargo and motor 
domains unbind simultaneously) at a constant rate, or at an instant when the MT pair does not 
intersect anymore. A detached motor reattaches immediately to a random intersection of any two 
intersecting MT pair. 
Dynein: In the model the dynein motors bind and unbind with their cargo domains at the cell 
boundary. The motors dissociate with a constant rate and associate at random locations along the 
boundary at a rate that is proportional to the total boundary length, so that the average total motor 
number per unit boundary length is a constant. Therefore, the number of attached dynein motors is 
increased as the processes’ elongation increases the perimeter of the cell. We model interactions of 
dyneins with MTs as follows: a dynein at the boundary attaches with its motor domain instantly to any 
MT intersecting with the segment of a constant length representing the spatial range at which the 
motor domain can act. One end of the segment – the cargo domain – always locates to the cell 
boundary, and the segment is locally normal to the boundary. The MT intersecting with such segment 
stops interacting with respective motor (the motor detaches) at a constant rate, or as soon as the MT 
does not overlap with the segment anymore. As far as the motor and MT interact, a force is applied to 
the MT at the MT intersection with the segment. Computationally, the force is distributed equally to 
two MT nodes at the ends of the MT domain intersecting with the motor (Fig. 1 B)). The force is 
applied tangentially to the MT domain in the direction of the plus end. The force magnitude is 
determined by the linear force-velocity relation, as explained in the SM. This force is balanced by the 
opposing force on the cell cortex at the boundary, which is not modeled explicitly because we assume 
that all such forces are transduced to cell adhesions, and ultimately all dynein-generated forces are 
balanced by cell traction forces. 
Cell boundary: The cell boundary is modeled as a chain of straight segments, without any elastic or 
viscous forces associated with this chain. All forces applied to the cell boundary are assumed to be 
transduced to the adhesions and to be balanced by the cell traction forces, which are not modeled 
explicitly. We simulate changes of the cell shape as follows. If the sum of the forces exerted by MTs 
on a single cell boundary segment exceeds a threshold force, which is a constant parameter, this 
segment is moved in the radial direction by a constant increment. This increment is equal to a constant 
protrusion rate times the time step duration; numerical experiments showed that variation of the 
protrusion rate value up to an order of magnitude does not affect the model behavior, as the process 
length is basically determined by the force balance: if the process elongates too much, the pushing 
MTs lag behind and protrusion stops. This segment turns into the tip of the process and further 
process elongation in the radial direction proceeds by shifting this segment by the same increment at 
each computational step whenever the sum of the forces exerted by MTs at the tip exceeds the 
threshold value (Fig. 1 D). The ends of the boundary segments neighboring the process tip are shifted 
slightly in the radial direction at each step, in linear proportion to the tip shifts (details in the SM). 
Estimating model parameters 
The model parameters are listed in the SM. Here, we discuss five groups of parameters that determine 
the system behavior: 1) MT dynamics parameters, 2) motor and MT numbers, 3) cell boundary 
mechanics, 4) motor mechanical parameters, 5) MT mechanical parameters. Two out of these 5 
groups – motor and MT mechanical parameters (stall force, force-free speed, dissociation rates for the 
motors; MT bending elasticity and drag coefficients) – are well characterized in vitro, and we use the 
published data for these parameters’ values. 
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MT dynamics: the dynamic instability parameters were measured many times in different systems. 
Expectedly, the measurements varied greatly. However, there are only two principal scales that 
determine main features of the MT dynamics: average MT length and mean characteristic duration of 
the dynamic instability cycle. The question about the average MT length is whether it is comparable 
to the cell radius ( 10µm∼ ), or much shorter than that? Microscopy lacks resolution to answer this 
question definitively, and so we simulated the model with both short and long MTs. When the MTs 
were short, with a typical length of 5µm  or less, we found that the MT-motor network exhibited a 
fluid-like behavior with rapid local streams and vortices, characteristic for some dense in vitro 
systems (18), but not observed in our Drosophila cells. Besides, we found that in this regime kinesin-
1 was unable to establish long and narrow processes. On the other hand, the model with long MTs 
successfully reproduced many observed phenomena. Next, we varied the mean characteristic duration 
of the dynamic instability cycle. When this cycle was faster than 10∼  sec, the ability of kinesin-1 to 
establish processes deteriorated: MTs turned over before the motors had time to slide the MTs 
significantly. When the cycle was slower than 100∼  sec, new growing plus ends were entering the 
processes and generating new MT-MT intersections too infrequently, and the rate and extent of the 
process growth approached those in the case of completely stable MTs. Interestingly, many studies 
(see the SM) report the dynamic instability parameters such that the average MT length is, in fact, on 
the order of of 1 – 10 microns, and the mean characteristic duration of the dynamic instability cycle is 
between 10 and 100 sec. These arguments informed the choice of this group of parameters. 
MT and motor numbers: Number of long MTs has been frequently estimated in the range of hundreds 
per cell, and this is the order of magnitude that we can glean from the S2 cell images. Also, this is the 
number for which our computational code runs one simulation on a reasonable (a few hours) time 
scale. Most of the computational time goes into simulation of the MT deformations and forces, and if 
the MT number is of the order of a thousand, the simulation time becomes prohibitive. Most 
importantly, the MT number in low hundreds results in the observed characteristic number ( 10∼ ) of 
processes per cell. All these considerations led us to choose MT number 150∼ . 
We estimated the characteristic number of working kinesin-1 motor proteins, which is unknown from 
experiment, from our previously published data on MT mobility in control cells (33). Namely, MT 
movement was quantified by applying fiduciary marks to MTs in Drosophila S2 cells. Fluorescent 
MT segments then spread in random, seemingly uncorrelated directions on a micron length scale and 
a minute time scale (Fig. S1 in the SM). Simulations with varying kinesin-1 motor numbers and 
100∼  long MTs exhibited a similar mobility pattern (Fig. S1 in the SM) under the condition that 
only 25%∼  of MTs are being slid by the motors at any given time and that typically only one 
kinesin-1 motor is acting on a given pair of MTs at a time. Thus, this data is consistent with 20∼  
working kinesin-1 motors. This estimate seems quite low; however, there were reports in studies of 
the axonal MT transport suggesting that though the total number of the motors is large, each 
individual motor operates only very infrequently (46). 
After deciding on the number of kinesin motors, we estimated the characteristic density of working 
dynein motor proteins per unit length of the cell boundary, which is unknown from experiment, from 
varying this number and finding which value of this parameter predicts the characteristic elongation 
rate and saturation length of the processes that are consistent with semi-quantitative data from (33). 
Cell boundary mechanics: the only parameter of major importance for the cell boundary deformations 
is the characteristic threshold force necessary to deform and protrude the membrane at the cell 
boundary. By analogy with much studied filopodial protrusions, this force, from physical 
considerations, is on the order of 10∼  pN (47). We experimented numerically with varying this 
parameter aiming to find a parameter value predicting the characteristic elongation rate of the short 
processes observed in (33). We found that the force of 3∼  pN, consistent with the physical estimates, 
leads to good fits with the data. 
Results 
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Kinesin-1 motors initiate the processes by sliding long minus-end-out MTs in 
the cell body 
In the description of the numerical experiments, we adopt the following terminology: ‘control’ means 
that both dynein and kinesin are functional, and MTs undergo the dynamic instability. In ‘dynein-’ or 
‘kinesin-inhibited’ cells, respective motor is switched off. In ‘MT dynamics-inhibited’ cells, the MTs 
undergo dynamic instability until equilibrium MT length distribution is reached, after which the MTs 
do not change anymore. Simulations of control cells revealed that initiation of the processes as well as 
elongation of short processes is driven by the MT minus ends (Fig. 2 A, inset arrow a) pushing on the 
cell boundary. The pushing forces typically originated from kinesin-1 sliding minus-end-out MTs 
against other MTs in the cell body (MTs being pushed by kinesin are shown in dark blue in Fig. 2 A). 
Occasionally, MTs also pushed with their plus ends out against the tip of a process (Fig. 2 A, inset 
arrow b) – not by the polymerization force that is absent in the model, but because these MTs 
interacted with another MT in the cell body, which in turn interacted with yet another MT, and the 
resulting complex sliding geometry led an occasional MT with its plus-end-out. These numerical 
observations confirm the results reported in our earlier experimental study (34): in the short processes, 
the majority of MT ends at the tips are minus ends. Simulations also showed that the processes were 
initiated with the minus-end-out MTs in dynein-inhibited cells. 
The simulations also highlighted the important roles of MT bending and elasticity. We observed that 
when we simplified the model drastically making the MTs stiff rods, the MTs were not able to 
squeeze into the longer processes and reach their tips, unless they originated from the center of the 
cell. Also importantly, the simulations showed that kinesin-1 often buckled the MTs, elastic energy of 
which was stored first and then released into pushing against the cell boundary. This is consistent with 
the experimental observations demonstrating MT bending and buckling at the process tips (29). 
Lastly, in the cell body, the MTs bend and buckle often, making it hard to initiate a process. Only 
kinesin-1 action on a minus-end-out MT relatively normal to the boundary and close to the boundary 
led to the process initiation. While within the process, MTs were prevented from buckling by 
confinement in the process. 
Dynein alone is unable to initiate cell processes 
Simulations of kinesin-inhibited cells showed that dynein alone does not initiate processes since, for 
geometric reasons, the forces dynein exerts are mainly oriented tangential to the cell boundary. The 
simulations showed that dynein mainly transported the MTs along the boundary (Fig. 3 A). The 
reason is that when a single dynein motor ‘grabs’ a MT near its plus end and pushes it against the 
boundary, the single dynein motor force is insufficient to make a protrusion. Instead, a torque that the 
motor exerts on the MT often turns this MT parallel to the boundary, after which the motor propels 
the MT along the boundary. 
Dynein in longer processes changes MT polarity 
We earlier reported (34) that dynein motors in long processes promote the MT polarity sorting 
changing the polarity from the minus-end-out in short processes to the plus-end-out in long processes. 
Simulations confirm this hypothesis and reveal the mechanism of this phenomenon: in processes that 
are long enough, dynein acts as a gatekeeper preventing the minus-end-out MTs from penetrating into 
the processes (Fig. 2 B). Here is the physical explanation: the stall force of kinesin is significantly 
higher than the stall force of dynein (SM). Therefore, several dynein motor proteins need to act in 
concert in order to overcome the pushing force exerted by one kinesin motor. These simultaneously 
pushing dynein motors have to be co-located in a single process. Such a concentration of dynein 
motors is far more likely in longer processes, whereas in short processes typically only few dynein 
motors will exert the force at a time (Fig. 2 C). 
These numerical results are consistent with the experimental data on the minus- and plus-end-out MTs 
at the process tips. Fig. 4 A indicates that, at the initial phase of the process growth, the minus-ends at 
the tip dominate. This phase is also characterized by the fast process outgrowth (Fig. 4 A(i)). At the 
threshold process length of about 3µm  is achieved, the fraction of the minus-ends at the tips declines 
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rapidly. At the later stage, when the process length reaches about 5µm , only few minus-ends 
occasionally reach the tip, while the plus-ends are present at the tip sporadically during the entire 
time. The plus ends appear to drive much slower process growth once the minus-ends are absent from 
the tip (Fig. 4 A(i) and A(iii)). 
As a consequence of the dynein’s gatekeeper function, it is not surprising that in the simulated control 
cells the distribution of the minus-ends is biased towards the base of the processes (Fig. 4 B(i)). In 
dynein-inhibited cells, the minus-ends are uniformly present everywhere within the processes at a low 
density, and their number is very high at the tips (Fig. 4 B(ii)). Both of these numerical results agree 
with the experimental observations (34) of the fluorescent minus-ends at the tips of the control and 
dynein-inhibited cells. The simulations also are consistent with the experimental results (34), 
according to which trajectories of polymerizing plus-ends are bidirectional in the dynein-inhibited 
cells, while are unidirectionally oriented towards the cell body in the control cells (Fig. 4 B(iii)). The 
physical explanation is that there are plus-end-out trajectories due to polymerization of the MTs 
which dynein is pulling into the processes in the control cells. Dynein does not allow MT minus-ends 
to enter the processes, hence the absence of the plus-end-inward trajectories. In dynein-inhibited cells, 
some polymerizing plus ends enter the processes from the cell body before being slowly expelled 
back by kinesin; in addition, plus-end-inward trajectories are generated by polymerizing MTs, minus-
ends of which accumulate at the tips of the processes. 
In the absence of dynein, process elongation is driven by kinesin-1 faster than in 
control 
Simulations of the dynein-inhibited cells show that, in the absence of dynein, even elongation of the 
long processes is driven by the minus-end-forward MTs slid by kinesins in the cell body (Fig. 3 B). 
Quantitative analysis of the presence of MT minus-ends and plus-ends at the process tips of simulated 
dynein-inhibited cell (Fig. 4 A, lower row) reveals that, indeed, minus-ends are consistently present 
and dominate at the tip of the simulated processes while the plus-ends reach the tip of processes only 
sporadically. This does not change as the processes grow. 
One reason for the lower presence of the plus-ends at the tips is that in the dynein-inhibited cells, 
kinesins tend to expel the plus-end-out MTs from the processes. In addition, in the context of our 
model, the MTs pushed with their plus-ends-out into the tips are more likely to undergo a catastrophe 
(Fig. S4 in the SM). This limits the impact of the MT plus-ends and therefore the ability of the dynein 
motors in the control cells to protrude the processes over extended periods of time. As a consequence, 
simulated process growth is significantly faster in the dynein-inhibited cells, than in the control cells 
(Fig. 4 A(iv) and Fig. 4 C, lower row). 
We confirmed these observations experimentally by measuring lengths of the growing processes in 
the control and dynein-inhibited cells as functions of time (Fig. S2 in the SM). Comparison of the 
growth profiles (Fig. 4 C(i),(ii) shows that the processes indeed grow faster in the absence of the 
dynein action (Fig. 4 C(v),(vi)). 
MT dynamic instability makes the process elongation more efficient 
We simulated the MT dynamics-inhibited cells and found that the processes in these cells grow slower 
and to a lesser extent (Fig. 4 C(vii) and C(viii)), both with and without functional dynein. We used the 
cytoskeleton drug taxol, which largely reduces the dynamic instability and thus stabilizes the MTs 
(48), to test this prediction, and found, in a good quantitative agreement between the experiment 
(Fig. 4 C(iii) and C(vi)) and theory (Fig. 4 C(vii) and C(viii)), that taxol slows down the elongation. 
According to the simulations, slower process growth in the dynein-inhibited cells treated with taxol is 
caused by fewer intersections of the minus-ends-out MTs at the process tips with other MTs in the cell 
body. In control cells treated with taxol, this effect is smaller, since dynein restricts the effect of 
kinesin to shorter processes. Nevertheless, further process elongation by dynein is less effective if the 
MTs are stabilized, since this process relies on availability of the plus-end-out MTs in the processes. 
In control cells without taxol, the dynamic instability guarantees that the plus ends frequently enter 
the processes, where dynein can grab them and push them further into the process. Under the effect of 
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taxol, however, dynein motor proteins within the processes rarely encounter the plus-end-out MTs, 
since kinesin would typically pull them back into the cell body. 
Discussion 
We combined computer simulations with experimental measurements of MT-motor sliding and cell 
process growth in both control Drosophila S2 cells, and in dynein-inhibited and/or MT-stabilized 
cells. The simulation results confirmed a qualitative model that emerged from our experimental 
studies (29, 33, 34). Namely, at the early stage, kinesin-1 slides the minus-end-out MTs against the 
oppositely oriented MTs in the cell body. This sliding generates the pushing force that bends the cell 
membrane and creates early cell processes. At the later stage, dynein takes over, expels the minus-
end-out MTs from the processes, pulls in the plus-end-out MTs and pushes them against the 
processes’ tips continuing the elongation. 
The model demonstrates that the switch from the kinesin-dominated protrusion with the minus-end-
forward MTs to the dynein-dominated protrusion with the plus-end-forward MTs emerges from the 
simple mechanical length-dependent feedback: the longer the process becomes, the more dynein 
motors operate along the cortex in the process, overpowering kinesin-1 action. The model also 
explains why dynein cannot generate the processes alone: the forces dynein exerts are mainly 
tangential relative to the cortex, propelling MTs along the cell boundary rather than pushing them 
outward, unless the dyneins are in a process of a threshold length. 
The model and measurements demonstrate that the MT dynamic instability plays an important role by 
delivering MTs into the growing processes and creating antiparallel MT overlaps in the cell body 
where kinesin-1 can generate sliding. After the model was calibrated by using available published 
data, the model correctly predicted the rates of the process growth in Drosophila S2 cells in four 
cases: in control, when dynein is inhibited, when MT dynamics are inhibited, and when both MT 
dynamics and dynein are inhibited. The processes grow rapidly at earlier stages and slowly later; the 
growth follows kinetics with saturation. Both modeling and experimental measurements show, 
surprisingly, that dynein inhibition accelerates the process extension. The reason, according to the 
model, is that dyneins within the processes rarely encounter the plus-end-out MTs since kinesins 
would typically pull such MTs back into the cell body. Inhibition of the MT dynamics, expectedly, 
slows down the process growth either with functional dynein or without it. Without dynein, absence 
of the MT dynamics shortens the average overlaps between the antiparallel MTs in the cell body, 
needed for kinesin-1 sliding action. With dynein and without the MT dynamic instability, the plus-
end-out MTs rarely reach the processes. 
Our model is not limited to the neurite’s emergence. MT transport and dynamics were long since 
implicated in axonal elongation (49). Recently, it was shown both in vivo and in silico that dynein 
mediated transport of MTs can establish the polar MT organization in mature axon only if a kinesin 
motor and a static cross-linker protein are also at play (37, 38). Specifically, dynein-powered sliding 
dominates in this case, but kinesin can slide MTs if dynein is weakened (37, 38). Moreover, motor 
sliding of MT bundles plays key roles in other systems. This sliding could be the mechanism of 
protrusion in cell motility of some cancer cells (50). Bone marrow megakaryocytes extend long 
cytoplasmic protrusions (ultimately producing platelets from their tips) by the dynein-powered MT 
sliding (51). Other examples of physiologically important phenomena based on motor-powered MT 
sliding include process formation in renal glomerular podocytes (52) and in generating cytoplasmic 
streaming (53). 
Our model leaves many aspects of the motor-powered MT sliding and resulting process growth 
unexplored. In principle, multiple kinesins may crosslink long parallel MTs in the processes and lock 
these MTs together (11), but a tug-of-war between the kinesins could also lead to a winner-takes-all 
effect leading to sliding of the parallel MTs. There are also many subtle interactions between the 
motors and MTs that could have significant effects: dynein could capture MT plus ends and delay 
catastrophes (54); MT stability and chemical state could affect the type of motors associated with MT 
bundles in axons and dendrites (55). Moreover, other motors, i.e. kinesins -5, -6 and -12 are also at 
work in axons (15). Kinesin-6, for example, was reported to negatively regulate kinesin-1-driven 
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sliding in older neurites (56). Selective stabilization of plus-end-out MTs in axons could be an 
important additional mechanism of the MT polarity sorting in growing axons (13). The roles of 
crosslinks (22, 37, 38) and MAPs (57), especially MAP-regulated MT severing (13), could be much 
more complex than simply creating effective drag between the MTs. The nature of the force extending 
the processes and of regulation upstream of this force requires much additional research (11). 
Last, but not least, one of the most poignant questions is why only one of the growing processes 
becomes axon, and what are similarities and differences between the MT-motor sliding in axons and 
dendrites (15). We and others have demonstrated that cytoplasmic dynein is required for the uniform 
MT polarity in axons, and that cortical recruitment of dynein is required for this process (56, 58). 
Therefore, we speculate that dynein is recruited to the cortex only in the axon but not in dendrites. 
This selective recruitment could potentially be explained by axon-specific signaling mechanisms that 
cause selective localization of the dynein regulators NDEL1 and LIS1 and related scaffold protein 
Ankyrin-G to the axon initial segment (59, 60). Furthermore, as the axon continues to grow, transport 
of mitochondria and other organelles and membrane vesicles into the axon becomes an important 
factor in the axon growth and maturation (61). 
One of the most important open future problems is the interplay between actin and MT dynamics, 
both of which are involved in various stages of axon formation. Their respective contributions to the 
axon development remain unclear (62). One recent study, in fact, suggests that the neurite outgrowth 
is driven by actin polymerization (7). Another one argued that actin waves stochastically migrate from 
the cell body towards neurite tips and widen the neurite shaft to allow MT polymerization and 
kinesin-based transport to drive the neurite extension (8). This study hints at multiple feedback links 
between dynamic actin and MTs, unraveling which will require combined modeling and experimental 
effort. 
Conclusion: The growth of cell processes starts with kinesin-1 motors pushing the minus-end-out 
MTs against the cell membrane. When a process reaches a critical length, dynein force becomes 
greater than kinesin force, dynein takes over the sliding, expels the minus-end-out MTs and pulls in 
the plus-end-out MTs. However, kinesin-1 alone is sufficient for the process elongation, and in fact 
dynein inhibition accelerates the process extension. The mechanism of elongation depends critically 
on MT dynamic instability. 
Supporting Material 
An online Supporting Material to this article can be found by visiting BJ Online at 
http://www.biophysj.org. 
Author contributions 
D.O. derived the model equations, developed the computational tools and ran the simulations. D.O. 
and A.M. wrote the paper. U.C. and V.G. obtained the experimental results. D.O., U.C., V.G. and 
A.M. developed the model and analyzed the results. 
Acknowledgments 
Research reported in this publication was supported by the NIH grants GM52111 to V.G., GM121971 
to A.M., by the Austrian Science Fund fellowship J3463-N25 to D.O. and by ARC discovery project 
DP180102956 to D.O. and A.M. 
Supporting citations 
References (63–71) appear in the Supporting Material. 
References 
1. Huber, F., A. Boire, M. P. Lopez, and G. H. Koenderink, 2015. Cytoskeletal crosstalk: when three 
different personalities team up. Curr. Opin. Cell Biol. 32:39–47.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
2. van Beuningen, S. F., and C. C. Hoogenraad, 2016. Neuronal polarity: remodeling microtubule 
organization. Curr. Opin. Neurobiol. 39:1–7.  
3. Schelski, M., and F. Bradke, 2017. Neuronal polarization: From spatiotemporal signaling to 
cytoskeletal dynamics. Mol. Cell. Neurosci. 84:11–28.  
4. Fivaz, M., S. Bandara, T. Inoue, and T. Meyer, 2008. Robust neuronal symmetry breaking by Ras-
triggered local positive feedback. Curr. Biol. 18:44–50.  
5. Inagaki, N., M. Toriyama, and Y. Sakumura, 2011. Systems biology of symmetry breaking during 
neuronal polarity formation. Dev Neurobiol 71:584–593.  
6. Li, R., and G. G. Gundersen, 2008. Beyond polymer polarity: how the cytoskeleton builds a 
polarized cell. Nat. Rev. Mol. Cell Biol. 9:860–873.  
7. Chia, J. X., N. Efimova, and T. M. Svitkina, 2016. Neurite outgrowth is driven by actin 
polymerization even in the presence of actin polymerization inhibitors. Mol. Biol. Cell .  
8. Winans, A. M., S. R. Collins, and T. Meyer, 2016. Waves of actin and microtubule polymerization 
drive microtubule-based transport and neurite growth before single axon formation. Elife 5:e12387.  
9. Kirkcaldie, M. T. K., and S. T. Dwyer, 2017. The third wave: Intermediate filaments in the 
maturing nervous system. Mol. Cell. Neurosci. 84:68–76.  
10. Baas, P. W., and S. Lin, 2011. Hooks and comets: The story of microtubule polarity orientation in 
the neuron. Dev Neurobiol 71:403–418.  
11. Lu, W., and V. I. Gelfand, 2017. Moonlighting Motors: Kinesin, Dynein, and Cell Polarity. 
Trends Cell Biol. 27:505–514.  
12. Stone, M. C., F. Roegiers, and M. M. Rolls, 2008. Microtubules have opposite orientation in 
axons and dendrites of Drosophila neurons. Mol. Biol. Cell 19:4122–4129.  
13. Yau, K. W., P. Schatzle, E. Tortosa, S. Pages, A. Holtmaat, L. C. Kapitein, and C. C. Hoogenraad, 
2016. Dendrites In Vitro and In Vivo Contain Microtubules of Opposite Polarity and Axon Formation 
Correlates with Uniform Plus-End-Out Microtubule Orientation. J. Neurosci. 36:1071–1085.  
14. Tas, R. P., A. Chazeau, B. M. C. Cloin, M. L. A. Lambers, C. C. Hoogenraad, and L. C. Kapitein, 
2017. Differentiation between Oppositely Oriented Microtubules Controls Polarized Neuronal 
Transport. Neuron 96:1264–1271.  
15. Rao, A. N., A. Patil, M. M. Black, E. M. Craig, K. A. Myers, H. T. Yeung, and P. W. Baas, 2017. 
Cytoplasmic Dynein Transports Axonal Microtubules in a Polarity-Sorting Manner. Cell Rep 
19:2210–2219.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
16. Wolff, I. D., M. V. Tran, T. J. Mullen, A. M. Villeneuve, and S. M. Wignall, 2016. Assembly of 
Caenorhabditis elegans acentrosomal spindles occurs without evident microtubule-organizing centers 
and requires microtubule sorting by KLP-18/kinesin-12 and MESP-1. Mol. Biol. Cell 27:3122–3131.  
17. Nedelec, F. J., T. Surrey, A. C. Maggs, and S. Leibler, 1997. Self-organization of microtubules 
and motors. Nature 389:305–308.  
18. Henkin, G., S. J. DeCamp, D. T. Chen, T. Sanchez, and Z. Dogic, 2014. Tunable dynamics of 
microtubule-based active isotropic gels. Philos Trans A Math Phys Eng Sci 372.  
19. Foster, P. J., S. Furthauer, M. J. Shelley, and D. J. Needleman, 2015. Active contraction of 
microtubule networks. Elife 4.  
20. Goshima, G., R. Wollman, N. Stuurman, J. M. Scholey, and R. D. Vale, 2005. Length control of 
the metaphase spindle. Curr. Biol. 15:1979–1988.  
21. Ferenz, N. P., R. Paul, C. Fagerstrom, A. Mogilner, and P. Wadsworth, 2009. Dynein antagonizes 
eg5 by crosslinking and sliding antiparallel microtubules. Curr. Biol. 19:1833–1838.  
22. Mogessie, B., D. Roth, Z. Rahil, and A. Straube, 2015. A novel isoform of MAP4 organises the 
paraxial microtubule array required for muscle cell differentiation. Elife 4:e05697.  
23. Rao, A. N., A. Falnikar, E. T. O’Toole, M. K. Morphew, A. Hoenger, M. W. Davidson, X. Yuan, 
and P. W. Baas, 2016. Sliding of centrosome-unattached microtubules defines key features of 
neuronal phenotype. J. Cell Biol. 213:329–341.  
24. Yan, J., D. L. Chao, S. Toba, K. Koyasako, T. Yasunaga, S. Hirotsune, and K. Shen, 2013. 
Kinesin-1 regulates dendrite microtubule polarity in Caenorhabditis elegans. Elife 2:e00133.  
25. He, Y., F. Francis, K. A. Myers, W. Yu, M. M. Black, and P. W. Baas, 2005. Role of cytoplasmic 
dynein in the axonal transport of microtubules and neurofilaments. J. Cell Biol. 168:697–703.  
26. Klinman, E., M. Tokito, and E. L. F. Holzbaur, 2017. CDK5-dependent activation of dynein in the 
axon initial segment regulates polarized cargo transport in neurons. Traffic 18:808–824.  
27. Dehmelt, L., P. Nalbant, W. Steffen, and S. Halpain, 2006. A microtubule-based, dynein-
dependent force induces local cell protrusions: Implications for neurite initiation. Brain Cell Biol 
35:39–56.  
28. Roossien, D. H., P. Lamoureux, and K. E. Miller, 2014. Cytoplasmic dynein pushes the 
cytoskeletal meshwork forward during axonal elongation. J. Cell. Sci. 127:3593–3602.  
29. Lu, W., P. Fox, M. Lakonishok, M. W. Davidson, and V. I. Gelfand, 2013. Initial neurite 
outgrowth in Drosophila neurons is driven by kinesin-powered microtubule sliding. Curr. Biol. 
23:1018–1023.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
30. Winding, M., M. T. Kelliher, W. Lu, J. Wildonger, and V. I. Gelfand, 2016. Role of kinesin-1-
based microtubule sliding in Drosophila nervous system development. Proc. Natl. Acad. Sci. U.S.A. 
113:E4985–4994.  
31. Baas, P. W., A. N. Rao, A. J. Matamoros, and L. Leo, 2016. Stability properties of neuronal 
microtubules. Cytoskeleton (Hoboken) 73:442–460.  
32. Yu, W., and P. Baas, 1995. The growth of the axon is not dependent upon net microtubule 
assembly at its distal tip. Journal of Neuroscience 15:6827–6833.  
33. Jolly, A. L., H. Kim, D. Srinivasan, M. Lakonishok, A. G. Larson, and V. I. Gelfand, 2010. 
Kinesin-1 heavy chain mediates microtubule sliding to drive changes in cell shape. Proc. Natl. Acad. 
Sci. U.S.A. 107:12151–12156.  
34. del Castillo, U., M. Winding, W. Lu, and V. I. Gelfand, 2015. Interplay between kinesin-1 and 
cortical dynein during axonal outgrowth and microtubule organization in Drosophila neurons. Elife 
4:e10140.  
35. Gao, T., R. Blackwell, M. A. Glaser, M. D. Betterton, and M. J. Shelley, 2015. Multiscale 
modeling and simulation of microtubule-motor-protein assemblies. Phys Rev E Stat Nonlin Soft 
Matter Phys 92:062709.  
36. Jakobs, M., K. Franze, and A. Zemel, 2015. Force Generation by Molecular-Motor-Powered 
Microtubule Bundles; Implications for Neuronal Polarization and Growth. Front Cell Neurosci 9:441.  
37. Rao, A. N., and P. W. Baas, 2017. Polarity Sorting of Microtubules in the Axon. Trends Neurosci. 
.  
38. Craig, E. M., H. T. Yeung, A. N. Rao, and P. W. Baas, 2017. Polarity sorting of axonal 
microtubules: a computational study. Mol. Biol. Cell 28:3271–3285.  
39. Tang, H., D. Laporte, and D. Vavylonis, 2014. Actin cable distribution and dynamics arising from 
cross-linking, motor pulling, and filament turnover. Mol. Biol. Cell 25:3006–3016.  
40. Oelz, D., C. Schmeiser, and J. V. Small, 2008. Modeling of the actin-cytoskeleton in symmetric 
lamellipodial fragments. Cell Adh Migr 2:117–126.  
41. Nédélec, F., and D. Foethke, 2007. Collective Langevin dynamics of flexible cytoskeletal fibers. 
New Journal of Physics 9:427.  
42. Cruz, C., F. Chinesta, and G. Régnier, 2012. Review on the Brownian Dynamics Simulation of 
Bead-Rod-Spring Models Encountered in Computational Rheology. Archives of Computational 
Methods in Engineering 19:227–259.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
43. Kim, M., and I. V. Maly, 2009. Deterministic Mechanical Model of T-Killer Cell Polarization 
Reproduces the Wandering of Aim between Simultaneously Engaged Targets. PLoS Comput Biol 
5:1–12.  
44. Luby-Phelps, K., 2000. Cytoarchitecture and physical properties of cytoplasm: volume, viscosity, 
diffusion, intracellular surface area. Int. Rev. Cytol. 192:189–221.  
45. Qiang, L., W. Yu, M. Liu, J. M. Solowska, and P. W. Baas, 2010. Basic fibroblast growth factor 
elicits formation of interstitial axonal branches via enhanced severing of microtubules. Mol. Biol. Cell 
21:334–344.  
46. Brown, A., 2003. Axonal transport of membranous and nonmembranous cargoes: a unified 
perspective. J. Cell Biol. 160:817–821.  
47. Peskin, C. S., G. M. Odell, and G. F. Oster, 1993. Cellular motions and thermal fluctuations: the 
Brownian ratchet. Biophys. J. 65:316–324.  
48. Yvon, A. M., P. Wadsworth, and M. A. Jordan, 1999. Taxol suppresses dynamics of individual 
microtubules in living human tumor cells. Mol. Biol. Cell 10:947–959.  
49. Roossien, D. H., P. Lamoureux, D. Van Vactor, and K. E. Miller, 2013. Drosophila growth cones 
advance by forward translocation of the neuronal cytoskeletal meshwork in vivo. PLoS ONE 
8:e80136.  
50. Lee, M. H., P. H. Wu, D. Gilkes, I. Aifuwa, and D. Wirtz, 2015. Normal mammary epithelial cells 
promote carcinoma basement membrane invasion by inducing microtubule-rich protrusions. 
Oncotarget 6:32634–32645.  
51. Bender, M., J. N. Thon, A. J. Ehrlicher, S. Wu, L. Mazutis, E. Deschmann, M. Sola-Visner, J. E. 
Italiano, and J. H. Hartwig, 2015. Microtubule sliding drives proplatelet elongation and is dependent 
on cytoplasmic dynein. Blood 125:860–868.  
52. Kobayashi, N., S. Y. Gao, J. Chen, K. Saito, K. Miyawaki, C. Y. Li, L. Pan, S. Saito, T. Terashita, 
and S. Matsuda, 2004. Process formation of the renal glomerular podocyte: is there common 
molecular machinery for processes of podocytes and neurons? Anat Sci Int 79:1–10.  
53. Lu, W., M. Winding, M. Lakonishok, J. Wildonger, and V. I. Gelfand, 2016. Microtubule-
microtubule sliding by kinesin-1 is essential for normal cytoplasmic streaming in Drosophila oocytes. 
Proc. Natl. Acad. Sci. U.S.A. 113:4995–5004.  
54. Hendricks, A. G., J. E. Lazarus, E. Perlson, M. K. Gardner, D. J. Odde, Y. E. Goldman, and E. L. 
Holzbaur, 2012. Dynein tethers and stabilizes dynamic microtubule plus ends. Curr. Biol. 22:632–
637.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
55. Tas, R. P., A. Chazeau, B. M. C. Cloin, M. L. A. Lambers, C. C. Hoogenraad, and L. C. Kapitein, 
2017. Differentiation between Oppositely Oriented Microtubules Controls Polarized Neuronal 
Transport. Neuron 96:1264–1271.  
56. del Castillo, U., W. Lu, M. Winding, M. Lakonishok, and V. I. Gelfand, 2015. Pavarotti/MKLP1 
regulates microtubule sliding and neurite outgrowth in Drosophila neurons. Curr. Biol. 25:200–205.  
57. van de Willige, D., C. C. Hoogenraad, and A. Akhmanova, 2016. Microtubule plus-end tracking 
proteins in neuronal development. Cell. Mol. Life Sci. 73:2053–2077.  
58. Zheng, Y., J. Wildonger, B. Ye, Y. Zhang, A. Kita, S. H. Younger, S. Zimmerman, L. Y. Jan, and 
Y. N. Jan, 2008. Dynein is required for polarized dendritic transport and uniform microtubule 
orientation in axons. Nat. Cell Biol. 10:1172–1180.  
59. Kuijpers, M., D. van de Willige, A. Freal, A. Chazeau, M. A. Franker, J. Hofenk, R. J. Rodrigues, 
L. C. Kapitein, A. Akhmanova, D. Jaarsma, and C. C. Hoogenraad, 2016. Dynein Regulator NDEL1 
Controls Polarized Cargo Transport at the Axon Initial Segment. Neuron 89:461–471.  
60. Goshima, Y., N. Yamashita, F. Nakamura, and Y. Sasaki, 2016. Regulation of dendritic 
development by semaphorin 3A through novel intracellular remote signaling. Cell Adhesion & 
Migration 10:627–640. PMID: 27392015.  
61. Matamoros, A. J., and P. W. Baas, 2016. Microtubules in health and degenerative disease of the 
nervous system. Brain Research Bulletin 126:217 – 225. Cytoskeletal proteins in health and 
neurodegenerative disease.  
62. Suter, D. M., and K. E. Miller, 2011. The emerging role of forces in axonal elongation. Prog. 
Neurobiol. 94:91–101.  
63. Berg, H., 1993. Random Walks in Biology. Princeton paperbacks. Princeton University Press.  
64. Alberts, B., A. Johnson, J. Lewis, D. Morgan, M. Raff, K. Roberts, and P. Walter, 2014. 
Molecular Biology of the Cell. 500 Tips. Garland Science.  
65. Kikumoto, M., M. Kurachi, V. Tosa, and H. Tashiro, 2006. Flexural Rigidity of Individual 
Microtubules Measured by a Buckling Force with Optical Traps. Biophysical Journal 90:1687 – 1696.  
66. Schroeder, H., A. G. Hendricks, K. Ikeda, H. Shuman, V. Rodionov, M. Ikebe, Y. Goldman, and 
E. Holzbaur, 2012. Force-Dependent Detachment of Kinesin-2 Biases Track Switching at 
Cytoskeletal Filament Intersections. Biophysical Journal 103:48 – 58.  
67. Clark, A. G., K. Dierkes, and E. K. Paluch, 2013. Monitoring actin cortex thickness in live cells. 
Biophys. J. 105:570–580.  
68. Rogers, S., and G. Rogers, 2008. Culture of Drosophila S2 cells and their use for RNAi-mediated 
loss-of-function studies and immunofluorescence microscopy. Nature Protocols 3:606–611.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
69. Kunwar, A., S. K. Tripathy, J. Xu, M. K. Mattson, P. Anand, R. Sigua, M. Vershinin, R. J. 
McKenney, C. C. Yu, A. Mogilner, and S. P. Gross, 2011. Mechanical stochastic tug-of-war models 
cannot explain bidirectional lipid-droplet transport. Proceedings of the National Academy of Sciences 
108:18960–18965.  
70. Atkins, P., and J. de Paula, 2010. Atkins’ Physical Chemistry. OUP Oxford.  
71. Loughlin, R., R. Heald, and F. Nédélec, 2010. A computational model predicts Xenopus meiotic 
spindle organization. The Journal of Cell Biology 191:1239–1249.  
Figure 1: Overview of the model elements. A: MTs within the discoid cell body, some of which 
protrude into three processes, are shown in blue as chains of segments between the nodes. Large 
arrows show the plus-ends. B: Cortex anchored dynein (red) moves towards the MT minus end (red 
arrow) which causes MT transport in the direction of its plus end (grey arrows). C: Kinesin (black) is 
attached to a pair of intersecting MTs; one MT connects to the cargo domain of the motor and is 
moved towards the plus end of another MT. The MT to which kinesin connects with its motor domain 
is shifted towards its minus end. This causes relative sliding of MTs (grey arrows). Note that in the 
model, kinesin action is distributed to two pairs of nodes at the ends of two overlapping MT segments, 
and that the magnitudes of the opposing forces on two MTs are equal. D: Process elongation in 
response to MT pushing against the tip of the processes. 
Figure 2: Simulation of the process initiation in control cells. A: MTs are dark blue if slid by 
kinesin, red if slid by dynein and otherwise grey. Kinesins are represented as black rods, dyneins – as 
red, cortex anchored, rods. MT minus ends are thick dots. Polymerizing MT plus ends are red arrows; 
non-polymerizing ends are not marked. Inset: Process formation is driven by kinesins sliding MTs. 
Most MTs are pushed against the leading edge of the process with their minus ends forward (a), but 
some are pushed with their plus ends forward (b). B: Simulation of the process elongation in control 
cells. Dynein pushes MTs against the tip of the process with their plus ends forward (arrow a). Note 
that MTs are shown in red if currently pushed by dynein and in dark blue if currently pushed by 
kinesin. C: For geometric reasons, dynein can only be effective in long processes where several 
dynein motors cooperate to overcome pushing by cytoplasmic kinesin (a). Note that MTs would 
accumulate at the process’s tip through dynein forward transport unless they are redistributed by 
random turnover (b) or turned around by random forces and transported back into the cell body by 
dynein (c). Polymerization of MT plus ends into processes increases the polarity sorting effect of 
dynein (d). 
Figure 3: Simulations of motor-perturbed cells. A: Simulations of cells after kinesin inhibition. 
Cortex bound dynein motors push MTs tangentially along the cortex and therefore do not initiate 
processes. One MT that is being slid by dynein along the cell boundary in this simulation is shown in 
green. One MT starts to interact with a dynein motor at the later time and is shown in red. B: Process 
elongation driven by kinesins (black bars) in dynein-inhibited cells. Kinesin motors, such as the one 
shown in (b), push against the process tips through MT minus ends (filled circles at the MT ends in 
the inset marked in (a)). MTs being pushed by kinesin are shown in blue. In both A and B, MTs not 
interacting with the motors, are shown in gray; growing MT plus ends are indicated by the red arrows. 
Figure 4: Dynamic changes of the process length and MT polarity. A: Length of simulated 
processes vs. number of MT ends at the process tips. We average the number of MT plus- and minus-
ends located within a narrow 1µm  stripe at the tip of a process during 1min  time intervals and 
compare the simulation of a control cell (upper row) to the simulated dynein-inhibited cell (lower 
row). (i), (iv): for a single simulated process (control and dynein-inhibited, respectively), these 
diagrams show process length (green), minus-end numbers at the tip (red bars) and plus-end numbers 
at the tip (blue bars) as functions of time. (ii), (iii): Boxplots show distributions of minus-end (ii) and 
plus-end (iii) numbers at the process tips of the simulated control cell as functions of the process 
length. (v), (vi): Distributions of minus- (v) and plus-end (vi) numbers at the process tips of the 
simulated dynein-inhibited cell. B: Distribution of the MT minus-ends and of polymerizing plus-ends 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
in the processes longer than 6µm . We show statistics extracted from single simulation snapshots at 
intervals of 5sec  from two 50 min -long simulations (of control and dynein- inhibited cells, 
respectively), with 9 processes each. The positions are normalized to the interval between 0 (base) and 
1 (tip). The vertical axes in histograms show the number of the minus-ends. (i) Histogram of relative 
minus-end positions in control show monotonic decrease towards the process tip, with relatively few 
minus-ends at the tip. (ii) In the absence of dynein, minus-ends are uniformly distributed along 
processes with a peak at the process tip. (iii) Percentage of retrograde plus-end-trajectories in control 
(1) and dynein-inhibited cells (2). Circles show the fraction of the retrograde plus-ends in single 
processes; boxplots visualize their distributions. Mean fractions in control and dynein-inhibited cells 
are significantly different with p-value 0.0086p = . C: Upper row: Experimentally measured growth 
of the processes’ length (length vs time; time is measures for each individual process starting from the 
process initiation; see also Fig. S2 in the supplementary material). Lower row: Simulated process 
growth. (i),(v): control; (ii),(vi): dynein-inhibited; (iii),(vii): control, with taxol; (iv),(viii): dynein-
inhibited with taxol. 
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